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ABSTRACT 

Pharmacological blockade of central histamine H 3 receptors 
(H 3 Rs) enhances cognition in rodents and offers promise for the 
clinical treatment of neurological disorders. However, many 
previously characterized H 3 R antagonists are either not selec- 
tive for H 3 Rs or have potentially significant tolerability issues. 
Here, we present in vivo behavioral and neurophysiological 
data for two novel and selective H 3 R antagonists with improved 
safety indices. Functional blockade of central H 3 Rs was first 
demonstrated for A-304121 [(4-(3-(4-((2ft)-2-aminopropanoyl)- 
1-piperazinyl)propoxy)phenyl)cyclopropylmethanone] (1 mg/kg) 
and A-317920 [A/-((1f?)-2-(4-(3-(4-(cyclopropylcarbonyl)phe- 
noxy)propyl)-1 -piperazinyl)-1 -methyl-2-oxo-ethyl)-2-furamide] 
(0.45 mg/kg) by significantly attenuating an acute dipsogenia 
response to the selective H 3 R agonist (fl)-a-methylhistamine 
[(fl)-t*-MeHA]. Cognitive performance was improved in a five- 
trial rat pup avoidance test following administration of 
A-304121 (10 mg/kg) or A-317920 (3 mg/kg), with efficacy 



comparable with previously published observations for refer- 
ence H 3 R antagonists thioperamide (10 mg/kg), ciproxifan (3 
mg/kg), and GT-2331 [(1fl,2ft)-4-(2-(5,5-dimethylhex-1 - 
ynyl)cyclopropyl)imidazole] (1 mg/kg). Social memory was also 
significantly enhanced in the adult rat with A-304121 (3, 10 
mg/kg) and A-31 7920 (1 , 3 mg/kg) at doses that produced no 
significant change in electroencephalogram slow-wave ampli- 
tude activity. Relative therapeutic indices (TIs) of 30 and 42 
were estimated for A-304121 and A-317920, respectively, by 
comparing doses producing adverse effects in general obser- 
vation studies with potency in inhibitory avoidance, which were 
superior to TIs of 8, 10, and 18 observed for the reference 
antagonists thioperamide, ciproxifan, and GT-2331, respec- 
tively. A-304121 and A-317920 represent a series of novel, 
H 3 R-selective piperazine amides that enhance cognition in 
vivo, which could offer advantages over existing H 3 R antago- 
nists or cognition-enhancing agents. 



Presynaptic histamine H 3 Rs are found principally in the 
central nervous system, functioning as autoreceptors to reg- 
ulate the release of histamine (Arrang et al., 1983), and as 
heteroreceptors to modulate release of additional neuro- 
transmitters such as acetylcholine (Bacciottini et al., 2000). 
Activation of central H 3 Rs with the selective agonist (R)-ct- 
MeHA inhibits the synaptic release of histamine (Arrang et 
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al., 1987), elicits drinking behavior in the rat and mouse 
(Clapham and Kilpatrick, 1993; Lecklin et al., 1998; Fox et 
al., 2002b), and can impair cognition in object recognition and 
passive avoidance paradigms in the rodent (Blandina et al., 
1996). Conversely, significant enhancements in various at- 
tentional, learning and memory tasks (Ligneau et al., 1998; 
Bacciottini et al., 2001; Fox et al., 2002a) have been reported 
following H 3 R blockade such that H 3 R antagonists and in- 
verse agonists are under investigation as potential therapeu- 
tic agents for the treatment of neurological disorders such as 
attention deficit hyperactivity disorder and Alzheimer's dis- 
ease (Onodera et al., 1998; Yates et al., 1999; Passini et al., 
2000; Tedford et al., 2000). 



ABBREVIATIONS: H 3 R, H 3 receptor; (R)-a-MeHA, (fl)-a-methy (histamine; A-304121, (4-(3-(4-((2fl)-2-aminopropanoyl)-1-piperazinyl)propoxy) 
phenyOcyclopropylmethanone; A-31 7920, N-((1fl)-2^4-(3-(4-<cyclopropyl( -piperazinyH-methyl-2-oxc>-ett ADHD, 

attention deficit hyperactivity disorder; GT-2331, (1f?,2fl)-4-(2-(5,5-dimethylhex-1-ynyI)cyclopropyl)imidazole; TIs, therapeutic indices; SHR, spontane- 
ously hypertensive rat; RID, ratio of investigation duration; EEG, electroencephalogram; FFT, fast Fourier transform; ANOVA, analysis of variance; 
ABT-41 8, (S)-3-methyl-5(1 -methyl-2-pyrrolidinyl)-isoxazole. 
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Over the past 15 years, relatively selective H 3 R blockers 
have been identified. These include thioperamide (pK { for rat 
H 3 = 8.44, human H 3 = 7.14, human H 4 = 7.32, human a 2c 
= 6.46; Esbenshade et al., 2003), ciproxifan (pK { for rat H 3 = 
9.29, human H 3 = 7.20, human H 4 = 5.73, human a 2c = 7.20; 
Esbenshade et al., 2003), clobenpropit (pi^ for rat H 3 = 9.75, 
human H 3 = 9.44, human H 4 = 7.38, human a 2c = 7.80; 
Esbenshade et al., 2003), and GT-2331 [(li?,2fl)-4-(2-(5,5- 
dimethylhex-l-ynyl)cyclopropyl)imidazole] (pK { for rat H 3 = 
9.60, human H 3 = 8.36, human H 4 = 7.08, human a 2c = 7.97; 
unpublished observations). It is possible that the significant 
affinities of these compounds for oc 2c and/or H 4 receptors may 
confound interpretation of some data or result in unwanted 
side effects at higher doses. Nevertheless, in vitro tissue 
slice/synaptosome studies and in vivo microdialysis studies 
have demonstrated increased release of histamine and/or 
acetylcholine following application or administration of one 
or more of these compounds (Prast et al., 1999; Bacciottini et 
al., 2001; unpublished observations). In behavioral studies, 
improved cognitive performance has been observed with H 3 R 
antagonists across many studies. For example, ciproxifan 
enhanced performance in a five-choice serial reaction time 
test of attention in the adult rat (Ligneau et al., 1998); 
GT-2227, GT-2331, and ciproxifan enhanced acquisition of 
multitrial inhibitory avoidance tests of learning in rat pups 
(Yates et al., 1999; Fox et al., 2002a), thioperamide enhanced 
recall of a passive avoidance response in adult rats (Giovan- 
nini et al., 1999) and senescence-accelerated mice (Meguro et 
al., 1995), and also improved short-term memory in adult rat 
tests of novel object recognition (Giovannini et al., 1999), 
social recognition (Prast et al., 1996), and place recognition 
(Orsetti et al, 2001, 2002). 

However, all of these compounds share the imidazole moiety 
with the endogenous agonist, histamine, conferring the poten- 
tial for metabolic interactions and promiscuous receptor bind- 
ing. To avoid these issues, we have developed non-imidazole 
compounds with improved selectivity and high affinity for 
H 3 Rs. A-304121 [(4-(3-(4-((2/?)-2-aminopropanoyl)-l-piperazi- 
nyl)propoxy)phenyl)cyclopropylmethanone] (pi^ for rat H 3 = 
8.60, human H 3 = 6.12, human H 4 = <5.0, human a 2c — 5.54; 
Esbenshade et al., 2003) (Fig. 1) and A-317920 [N-((LR)-2-(4-(3- 
(4-(cyclopropylcarbonyl)phenoxy)propyl)-l-piperazinyl)-l- 
methyl-2-oxo-ethyl)-2-furamide] (p^ for rat H 3 = 9.15, human 
H 3 = 7.03, human H 4 = <5.0, human a 2c = <5.0; Esbenshade 
et al., 2003) (Fig. 1), represent this series of novel piperazine 
amides, and we now present in vivo behavioral and neurophys- 
iological data for these compounds in both mice and rats. For 
comparison, we chose the reference H 3 R antagonists thioper- 
amide, ciproxifan, GT-2331 (clobenpropit was not evaluated due 
to poor brain penetration; Mochizuki et al., 1996), and methyl- 
phenidate, a stimulant efficacious in the treatment of ADHD. 



Materials and Methods 

Chemicals 

Ciproxifan, A-304121, A-317920, and GT-2331 were synthesized 
at Abbott Laboratories (Abbott Park, IL). Thioperamide and meth- 
ylphenidate were purchased from Sigma-Aldrich (St. Louis, MO), 
and CR)-a-MeHA was purchased from Tocris Cookson, Inc. (Bristol, 
UK). Saline (0.9% w/v, Abbott Laboratories) was used as a vehicle, 
and drug solutions were titrated to pH 6 to 8. 




Fig. 1. Chemical structures of A-304121 and A-317920. 



Animals 

Mice. Male CD-I mice were obtained from Charles River Breeding 
Laboratories (Portage, Canada) at approximately postnatal day 70 
(P 70) for dipsogenia studies, at 20- to 25-g body weight for general 
observation studies, and maintained at Abbott facilities for 10 days 
before testing. Mice were housed up to 10 per large colony cage (52 
cm X 28 cm X 20 cm) in a dedicated quiet room under conditions of 
12 h lights on/12 h lights off (on at 6:00 AM), with food and water 
available ad libitum. Nestlets were provided on cage/bedding change 
days to reduce territorial fighting. All testing occurred during the 
light phase. 

Rats. Male SHR pups for repeated acquisition avoidance studies 
were obtained from Harlan (Indianapolis, IN) at postnatal day 7 (P 
7) and housed in Abbott facilities until use on days P 20 through P 24 
(body weights ranged from 35-50 g). Pups were housed up to 12 per 
cage (average of two litters) and fostered with Long-Evans lactating 
females (2 per cage), largely to avoid the poor maternal care of SHR 
females and possible associated effects on brain and cognitive devel- 
opment (Liu et al., 2000). Adult (350-450 g) and juvenile (75-100g) 
male Sprague-Dawley rats for social recognition studies and adult 
(450-550 g) male Sprague-Dawley rats for EEG studies (6 months 
old) were obtained from Charles River Breeding Laboratories. All 
rats were housed in a quiet room under conditions of 12 h lights 
on/12 h lights off (on at 6:00 AM), with food and water available ad 
libitum. Rats for EEG studies were housed singly. All testing oc- 
curred during the light phase. 

Surgery. EEG recording electrodes were bilaterally implanted 
under pentobarbital anesthesia (50 mg/kg, i.p.; Abbott Laboratories) 
over the parietal cortex (-2.0 mm anterior-posterior, 4.0 mm later- 
al). A reference electrode was placed 11 mm posterior to bregma and 
a miniature connector was affixed to the skull. Implanted rats were 
allowed 2 weeks recovery from the surgery before use. All experi- 
ments were conducted in accordance with Abbott Animal Care and 
Use Committee and National Institutes of Health Guide for Care and 
Use of Laboratory Animals guidelines in a facility accredited by the 
Association for the Assessment and Accreditation of Laboratory An- 
imal Care. 
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Dipsogenia Model 

Mice were tested in a dipsogenia model as previously described 
(Fox et al., 2002b). Briefly, each mouse was injected i.p. with either 
saline, A-304121 (0.3, 1, 10, 30 mg/kg), or A-317920 (0.045, 0.135, 
0.45, 1.35, 4.5 mg/kg). After 5 min, saline or (fl)-a-MeHA (30 mg/kg), 
was injected i.p. on the opposite side of the abdomen, and the ani- 
mals returned to their home cages. Following a period of 30 min, 
mice were then placed separately into smaller cages with access to 
water via a modified sipper. The mice were left alone for a further 30 
min, after which they were removed to their home cages once more 
and the amount of water consumed was recorded to the nearest 0.01 
ml. Sixteen animals were treated at a time for a total of 12 to 16 mice 
per group. 

Five-Trial Inhibitory Avoidance 

SHR pups were trained in an inhibitory avoidance response with 
five acquisition trials as previously described (Fox et al., 2002a). 
Briefly, the animals were trained to avoid a mild footshock (0.1 mA, 
1-s duration) delivered when the pup transferred from a brightly lit 
to a darkened compartment of a computer-controlled Gemini inhib- 
itory avoidance system (San Diego Instruments, San Diego, CA). 
After the first trial, the pup was removed and returned to its home 
cage and littermates, and the transfer latency was noted. One 
minute later, the same pup was once again placed in the brightly lit 
compartment, and the training process was repeated for a total of 
five trials. A criterion time of 1 min applied for the first trial and 3 
min for each of the four subsequent trials. Ciproxifan (3 mg/kg, 
internal positive control), A-304121 (3, 10 mg/kg), A-317920 (3, 10 
mg/kg), or saline vehicle was injected s.c. 30 min before the first trial. 
An oscilloscope (Hitachi V-212, 20 MHz; Hitachi Software Engineer- 
ing, Yokohama, Japan) and a 100-kOhm resistor were used fre- 
quently to ensure correct calibration of the equipment in producing 
this relatively mild footshock. Pups were not habituated to the avoid- 
ance apparatus before the first trial to avoid potentially confounding 
latent inhibitory effects. Each drug treatment was equally repre- 
sented among each litter (n = 12/group), and the investigator was 
normally blinded to treatment. Separate groups of pups (6 < n < 12 
per group) were used to control for footshock sensitivity. In these 
experiments, pups were treated with drug as before, but were ex- 
posed to an inescapable footshock that was increased gradually from 
0.05 to 0.4 mA and back to 0.05 mA over a period of 30 s. The currents 
at which vocalization first occurred, termed i Max and then ceased, 
termed Jm^, were noted. 

Social Memory 

Adult male Sprague-Dawley rats (350-450 g) were separated into 
fresh investigation test cages and allowed to habituate for 30 min. An 
unfamiliar juvenile was introduced, and the investigation (grooming, 
sniffing, close following) duration was recorded over a 5-min period. 
Both the adult and juvenile were then removed to their respective 
holding cages. After 90 min, the adult was replaced into the inves- 
tigation cage and the same juvenile reintroduced 30 min later; in- 
vestigation duration was again recorded. In a separate group of rats 
(n = 10), the time interval between the first and second investigation 
periods was shortened to 30 min to demonstrate inherent social 
memory of adult rats for juveniles at this earlier time. Ciproxifan 
(0.1, 0.3, 1, 3 mg/kg), A-304121 (1, 3, 10 mg/kg), A-317920 (0.3, 1, 3 
mg/kg), or saline vehicle were administered i.p. to the adult rat 
immediately after the first exposure period. Immediately after the 
second investigation period, a new unfamiliar juvenile was intro- 
duced to the same adult rat for a further 5 min and the investigation 
duration recorded. Social memory was quantified by determining, for 
each adult rat, the ratio of investigation duration (RID) of the second 
to the first investigation periods. Nonspecific effects were assessed 
by determining the RID for the unfamiliar juvenile. Group sizes were 
n = 10 to 16. 



Electroencephalogram 

EEG (sampling rate 200 Hz) was recorded from previously 
habituated rats inside sound-attenuating chambers. Before exper- 
iments began, a flexible cable was attached to the implanted 
miniature connector that allowed the rats unrestricted movement 
during the recording sessions. Standard EEG amplifiers (Grass 
Instrument Division, Astro-Med, West Warwick, RI) and a com- 
puter-based system (Stellate Systems, Montreal, Canada) were 
used to acquire and analyze data. The average EEG amplitude in 
microvolts was determined using fast Fourier transform (FFT) 
analysis and was broken down into an analysis of the 1- to 4-Hz 
slow-wave band activity. 

Dose-response effects on EEG were determined for i.p. adminis- 
tration of A-304121 (3, 10, 30 mg/kg), A-317920 (1, 3, 10 mg/kg), 
ciproxifan (0.3, 1, 3 mg/kg), and methyiphenidate (0.3, 1, 3 mg/kg). 
The treatments were administered in a random order on different 
days with one treatment per day and 3 days between each treatment. 
On one of these treatment days, the rat would receive a vehicle 
control treatment. This within-subjects design allowed each rat to 
serve as its own control. EEG recordings were begun within 5 min 
after injection and recording sessions lasted for 360 min. A total of 
eight rats were used in these studies. 

Spontaneous Locomotor Activity 

To assess possible stimulant-like drug effects on spontaneous lo- 
comotor activity, adult mice were placed separately into one of 16 
acrylic open-field environments (42 cm L X 42 cm B X 40 cm H; Piper 
Plastics, Copiague, NY) situated inside Versamax/Digiscan moni- 
tors, each equipped with 32 horizontal and 16 vertical infrared 
sensors (AccuScan Instruments, Inc., Columbus, OH) in a darkened 
room. Mice were allowed to habituate for a period of 30 min and then 
injected i.p. with drug (methyiphenidate, 1, 3, 10 mg/kg; ciproxifan, 
1, 3, 10 mg/kg; A-304121, 3, 10, 30 mg/kg; A-317920, 1, 3, 10 mg/kg) 
or saline vehicle as indicated in — 12-14 per group) and monitored 
for 60 min at 1-min intervals. To examine possible inhibitory drug 
effects on spontaneous locomotor activity, the habituation period was 
eliminated and adult mice were injected with the same dose of 
compound {n = 12/group; methyiphenidate was not assessed) de- 
scribed above while in their home cages. After 30 min, mice were 
monitored for an additional 30 min at 1-min intervals using a similar 
automated activity system (San Diego Instruments) comprising 12 
acrylic open-field environments (40 x 40 x 36 cm; Piper Plastics) 
situated inside 12 monitors, each equipped with 16 horizontal and 16 
vertical infrared sensors (San Diego Instruments). 

Rotating Rod 

To assess possible drug effects on balance, mice from the 30-min 
locomotor study described immediately above (n = 12/group) were 
subsequently examined in a rotating rod test at the end of the 
activity-monitoring period. The apparatus used was an Omnitech 
Omni Rotor (AccuScan Instruments, Inc.), which consists of four 
separate rubber-coated rods, 33 mm diameter and 111 mm wide, 
mounted 365 mm above a wire-grid floor. All four rods are adjacent, 
but isolated in separate enclosures. Treated mice, one per enclosure, 
were placed onto a stationary rod, facing away from the front of the 
apparatus and the investigator. Subsequent depression of the start 
button activated four timers and a stepper motor that was prepro- 
grammed to increase the rotation rate of all four rods simultaneously 
from 0 revolutions per min (rpm) to 40 rpm over a 120-s time period. 
Mice that could no longer keep pace with the rotating rod typically 
fell to the wire grid, breaking a light beam that halted the corre- 
sponding timer. A criterion time of 120 s was used. Each mouse was 
tested twice in succession, and a mean latency to fall (recorded in 
seconds) was noted. Latency times for mice who managed to cling to 
the rotating rod were recorded after two full rotations of the animal 
on the rod. 
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General Observation Test 

Adult mice were separated into groups of three and placed into 
observation cages (23 x 21 x 20 cm). Baseline core (rectal) body 
temperature was recorded with a rapid read digital thermometer 
(model BAT-12, Physitemp Instruments Inc., Clifton, NJ). In sepa- 
rate experiments, mice were then injected with vehicle, A-304121 
(10, 30, 100, 300 mg/kg i.p.), or A-317920 (4, 13, 38, 64, 127, 381 
mg/kg i.p.). For comparison, in additional experiments, groups of 
mice were treated with thioperamide (25, 82, 246 mg/kg i.p.), cip- 
roxifan (3, 10, 30, 100 mg/kg), or GT-2331 (2, 6, 18, 61, 182 mg/kg 
i.p.). All mice were continuously observed for adverse behavior such 
as general changes in activity levels, piloerection, ptosis, loss of 
righting reflex, and seizure activity (including Straub tail, wild run- 
ning, clonus, tonus) for the first hour and then intermittently at 2, 3, 
6, and 24 h after drug administration. All subjective observations 
(e.g., activity) in drug-treated mice were made with constant refer- 
ence to a cage of vehicle-treated control mice. Body temperature was 
recorded 0.25, 0.5, 1, 2, 3, 6, and 24 h following drug administration, 
and a decrease of 2°C or more was considered hypothermic for the 
purpose of reporting (Table 1). 

Statistical Analyses 

Dipsogenia, footshock threshold studies, rotating rod, and social 
memory data were assessed for significance using a one-way analysis 
of variance (ANOVA) followed by Tukey's pairwise comparison post 
hc4 tests. Spontaneous locomotor activity data were analyzed using 
one-way ANOVAs, with time as a repeated measure, followed by 
Tukey's post hoc tests. Nonparametric Kruskal-Wallis and individ- 
ual Mann-Whitney U tests were used to compare performance in the 
repeated acquisition avoidance test. For EEG studies, a within- 
subjects design was used so that each animal served as its own 
control. A repeated measures one-way ANOVA was used for statis- 
tical evaluation of FFT data, with treatment as the repeated mea- 
sure, and Fisher's post hoc tests for comparisons between treatment 
groups. A p value <0.05 was considered significant for all post hoc 
tests. All analyses were performed using Statview 5.0 for Windows 
(SAS Institute, Inc., Cary, NO. 

Results 

Dipsogenia Model. CR)-a-MeHA (30 mg/kg) induced a 
pronounced dipsogenia response in vehicle-treated mice, in- 
creasing water consumption about 4 to 8 times over basal 
levels [F(5,57) = 8.939, p < 0.0001; Fig. 2, A and B]. 
A-304121 completely blocked dipsogenia induced by (R)-a- 
MeHA in a dose-dependent manner, reaching significance at 
1 mg/kg (Fig. 2A). A dose of 30 mg/kg was fully efficacious 
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Fig. 2. Attenuation of CR)-a-MeHA-induced dipsogenia in mice by 
A-304121 (A) and A-317920 (B). Mice were dosed with antagonist 5 min 
before CR)-a-MeHA, and water intake was recorded 30 min later for an 
additional 30-min period. Results represent the mean ± S.E.M. (*, p < 
0.05 with respect to 0 + CR)-a-MeHA; n ~ 12-16/group). 

with respect to vehicle-only controls, and by itself, A-304121 
had no effect on basal water intake when tested at 30 mg/kg 
(Fig. 2A). In a separate experiment, A-317920 also dose- 



TABLE 1 

Lowest doses of compounds inducing adverse effect in mice, lowest efficacious doses in rat pup repeated acquisition avoidance, and corresponding 
therapeutic ratios 

Dose 



Observation 


Thioperamide 


Ciproxifan 


GT-2331 


A-304121 


A-317920 








mg/kg 






Hypoactivity 


82 


30 


18 


100 


64 


Hypothermia 


82 


10 


18 


100 


64 


Prone posture 0 


N.E.* 


30 


60 


300 


127 


Seizure activity" 


82 


30 


18 


N.E. 6 


127 


Loss righting reflex 


N.E * 


N.E.* 


60 


N.E. 6 


N.E. 6 


Lethality 


246 


100 


60 


N.E. 6 


381 


Efficacious dose 


10 


3 


1 


10 


3 


Therapeutic ratio 


8 


10 


18 


30 


42 



N.E., no effect. 

a The lowest dose at which seizure activity or other pronounced adverse effects were observed (e.g., prone posture, lethality) was used to calculate a therapeutic ratio with respect 
to efficacious doses in the repeated acquisition inhibitory avoidance model. 

6 No effect observed up to the highest dose tested; for thioperamide, 246 mg/kg; ciproxifan, 100 mg/kg; GT-2331, 182 mg/kg; A-304121, 300 mg/kg; and A-317920, 381 
mg/kg. 
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dependency attenuated the CR)-a-MeHA-induced dipsogenia 
response [F(8,61) = 14.299, p < 0.0001]; lower doses were 
required for a statistically significant effect (0.45 mg/kg) and 
for full efficacy (4.5 mg/kg; Fig. 2B) relative to A-304121 
doses. 

Repeated Acquisition Avoidance Response. Vehicle- 
treated SHR pups gradually acquired this task over the five 
trials, as evidenced by the increase in transfer latencies from 
the lighted to the dark compartment (Fig. 3, A and B). Treat- 
ment of SHR pups with A-304121 did not affect transfer 
latencies on the first trial, indicating the absence of nonspe- 
cific effects on locomotor activity. However, pups treated with 
A-304121 exhibited prolonged transfer latencies on subse- 
quent trials, indicative of improved acquisition of the task. A 
Kruskal-Wallis analysis performed across trials 2 through 5 
revealed a significant treatment effect (H = 13.210, p = 
0.004). Planned, individual Mann-Whitney comparisons re- 
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Fig. 3. Enhancement of acquisition of a five- trial inhibitory avoidance 
response in rat pups with A-304121 (A) and A-317920 (B), with ciproxifan 
as a positive control in both instances. Rat pups were dosed with antag- 
onist 30 min before the first trial. Data are represented by mean ± S.E.M. 
for clarity: statistical calculations used nonparametric analyses (*, p < 
0.05 with respect to vehicle-treated controls; n — 12/group). 



vealed significant (p < 0.05) differences between pups 
treated with A-304121 and those treated with vehicle on 
trials 3, 4, and 5 (Fig. 3A). Similarly, SHR pups treated with 
10 mg/kg A-317920 performed significantly ip < 0.05) better 
than vehicle-treated controls on trials 3, 4, and 5; a signifi- 
cant improvement over controls was also observed on trial 3 
for the 3-mg/kg dose (Fig. 3B). Pups in separate internal 
positive control groups in each experiment that were treated 
with 3 mg/kg ciproxifan also exhibited an improvement in 
task acquisition over vehicle-treated controls, showing a sig- 
nificant (p < 0.05) effect in trials 3, 4, and 5 for the A-304121 
experiment and in trials 3 and 4 for the A-317920 experiment 
(Fig. 3, A and B). Crucially, footshock sensitivity was not 
affected by A-304121, ciproxifan [F(2,15) = 0.538, p = 0.594 
for i Max ; F(2,15) = 0 for £ Min ; Fig. 4A], or A-317920 [F(2,15) = 
0.661, p = 0.531; F(2,15) = 0.774, p = 0.479 for i Min ; Fig. 4B] 
as assessed in separate control experiments. 

Social Memory. Thirty minutes after the initial investi- 
gation, vehicle-treated adult rats easily recognized the juve- 
niles originally presented in the first investigation period, as 
evidenced by the decreased duration of investigatory behav- 
ior during the second investigation period and the corre- 
sponding RID values of around 0.6 (Fig. 5 A). In contrast, 
vehicle-treated adult rats did not remember the juveniles 
from the first investigation period when allowed to investi- 
gate the same juveniles after a 120-min delay, as evidenced 
by the increased duration of investigatory behavior during 
the second investigation period and the corresponding RID 
values of around 1.0 (Fig. 5A), significantly different from the 
rats with the 30-min interval [F(l,30) = 9.834, p = 0.004]. No 
significant differences were observed between groups when a 
novel juvenile was introduced to the adult immediately after 
the second trial with the familiar juvenile [F(l,30) = 1.093, 
p = 0.304; not shown]. Ciproxifan enhanced social recogni- 
tion at 120 min, reaching statistical significance at 1 mg/kg 
[F(4,75) = 3.081, p = 0.021; Fig. 5B], indicative of positive 
effects on short-term memory in the adult rat. No significant 
differences were observed between groups to a novel juvenile 
introduced immediately after the second trial with the famil- 
iar juvenile [F(4,75) = 1.298, p = 0.279; not shown]. 

In separate studies, A-304121 [F(4,45) = 10.924, p < 
0.0001] and A-317920 [F(4,45) - 20.499, p < 0.0001] also 
enhanced adult rat short-term memory for a familiar juvenile 
120 min after administration to the adult of 3 or 10 mg/kg for 
A-304121 or 1 and 3 mg/kg for A-317920. This effect was 
reflected by relatively low RID values when compared with 
vehicle-treated controls (Fig. 6, A and C). In contrast, these 
same adult rats demonstrated pronounced investigatory be- 
havior for a new juvenile placed into the test cage immedi- 
ately after the familiar juvenile that did not differ signifi- 
cantly between groups [Fig. 6B, F(4,45) = 1.490, p = 0.221; 
Fig. 6D, F(4,45) = 0.144, p = 0.965], indicating that the 
decreased investigation was specific for the familiar juvenile, 
and not due to nonspecific motor, or other, effects of the 
drugs. In each experiment, positive internal control groups of 
adult rats that were treated with 1 mg/kg ciproxifan also 
exhibited an improvement in recall for the familiar juvenile 
(Fig. 6, A and C), but again investigated extensively a new 
juvenile placed into the test cage immediately after the fa- 
miliar juvenile (Fig. 6, B and D). 

EEG Slow-Wave Activity. Consistent with its well 
known central stimulant effects, methylphenidate at 3 mg/kg 
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Fig. 4. Lack of effect of A-304121 (A) and A-317920 (B) on sensitivity to 
footshock, with ciproxifan included for comparison in A. Rat pups were 
dosed with antagonist 30 min before inescapable exposure to increasing 
currents (i Max ) and subsequent vocalization, followed by decreasing cur- 
rents (fMin) and subsequent cessation of vocalization. Data are repre- 
sented by mean ± S.E.M.; n - 6 to 12/group. Horizontal line represents 
shock level used in learning studies. 



significantly attenuated slow-wave activity as evidenced by 
lowered 1- to 4-Hz amplitude when compared with vehicle- 
treated controls in undisturbed adult rats [F(3,42) = 8.149, 
p < 0.0001 for treatment; *X5,42) = 8.975, p < 0.0001 for 
time; F(15,126) = 4.498, p < 0.0001 for treatment X time 
interaction; Fig. 7A]. However, this effect, which was maxi- 
mal at 3 mg/kg and is indicative of increased arousal, was 
short-lived and returned to baseline levels by 3 h following 
administration. In agreement with previous data (Ligneau et 
al., 1998), ciproxifan also significantly attenuated slow-wave 
activity [F(3,42) = 60.257, p < 0.0001 for treatment; 
F(5,42) - 1.258, p = 0.300 for time; F( 15, 126) = 2.699, p = 
0.001 for treatment X time interaction]; this effect was sig- 
nificant at 1 h after administration for all three doses tested 
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Fig. 5. Social memory in the adult rat. Vehicle-treated rats with either a 
30- or 120-min interexposure interval were compared (A). In separate 
experiments, rats were dosed with antagonist immediately after a 5-min 
exposure to an unfamiliar juvenile (B). After a period of 120 min, the 
juvenile was reintroduced to the adult for a second 5-min period and the 
ratio of investigation between the second and first exposure periods was 
determined (RID). Data are represented by mean ± S.E.M. (*, p < 0.05 
with respect to vehicle-treated controls with 120-min interval; n = 10- 
16/group). 



and remained significantly attenuated at 2 h for the higher 
two doses and up to 4 h for the highest dose of 3 mg/kg (Fig. 
7B). In contrast, A-304121 had more modest effects on slow- 
wave activity [F(3,42) - 22.871, p < 0.0001 for treatment; 
F(5,42) = 0.362, p = 0.871 for time; F(15,126) = 2.633, p = 
0.002 for treatment X time interaction], significantly lower- 
ing 1- to 4-Hz amplitude only at the highest dose of 30 mg/kg 
for up to 2 h following administration (Fig. 7C). Although a 
significant overall treatment effect was observed for 
A-317920 [F(3,30) = 7.913, p < 0.0001], there was no signif- 
icant treatment X time interaction [F( 15,90) = 0.988, p = 
0.474] or time effect [F(5,30) = 1.135, p = 0.364]. 

Spontaneous Locomotor Activity and Rotating Rod. 
Methylphenidate induced a dose-dependent increase in loco- 
motor activity in habituated mice (Fig. 8A), resulting in a 
significant treatment effect [^(3,28) = 34.117, p < 0.0001], 
time effect [(F(59,1652) = 23.114, p < 0.0001] and time X 
treatment interaction [F(177,1652) = 6.852, p < 0.0001]. In 
contrast, no significant increase in locomotor activity was 
observed for ciproxifan [F(3,59) = 0.550, p = 0.653 for treat- 
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Fig. 6. Enhancement of social memory in the adult rat with A-304121 (A) 
and A-317920 (C), with ciproxifan (1 mgfltg) as a positive control in both 
instances. Adult rats were dosed with antagonist immediately after a 
5-min exposure to an unfamiliar juvenile. After a period of 120 min, the 
juvenile was reintroduced to the adult for a second 5-min period, and the 
ratio of investigation between the second and first exposure periods was 
determined. Immediately after the second exposure, the adult was ex- 
posed for a further 5 min to an additional novel juvenile to control for 
nonspecific effects of the antagonists (B and D). Data are represented by 
mean ± S.E.M. (*, p < 0.05 with respect to vehicle-treated controls; n = 
10-16/group). 



ment], A-304121 [F(3,59) = 2.028, p = 0.122 for treatment] or 
A-317920 [F(3,59) = 0.092, p = 0.964 for treatment] over the 
dose ranges tested (Fig. 8, B-D). Interestingly, ciproxifan, 
and to a lesser extent A-304121, tended to decrease locomotor 
activity, particularly at earlier time points (Fig. 8, B and C), 
although statistical significance was not obtained in this 
regard. 

To further investigate possible hypoactivity effects induced 
by H 3 receptor antagonists, separate groups of nonhabitu- 
ated mice were observed. Ciproxifan-treated animals exhib- 
ited a significant decrease in locomotor activity [F(3,29) = 
15.087, p < 0.0001 for treatment; F(29, 1276) = 78.558, p < 
0.0001 for time; F(87,1276) = 2.398), p < 0.0001 for treat- 
ment X time interaction], particularly at the highest dose (30 
mg/kg; Fig. 9, A and D). Mice receiving the highest dose of 
A-304121 also exhibited significantly decreased locomotor 
activity (F(3,29) = 3.552, p = 0.022 for treatment), although 
the magnitude of this effect appeared to be less 
[(F(29,1276) = 86.745, p < 0.0001 for time; F(87,1276) = 
0.981, p = 0.531 for treatment X time interaction; Fig. 9, B 
and E; significance across studies was not compared]. 
A-317920 was without effect [F(3,29) = 0.146, p = 0.9316 for 
treatment; Fig. 9, C and F], although these data do not 
preclude an effect under similar conditions at even higher 
doses (see Table 1 for general observation results at higher 
doses). 

Consistent with these observations, the same mice also 



exhibited impaired performance in the rotating rod test for 
ciproxifan [30 mg/kg; F(3,44) = 2.937, p = 0.044]. In contrast, 
A-304121 (100 mg/kg) and A-317920 (30 mg/kg) had no sig- 
nificant effect on rotating rod performance [F(3,44) = 2.370, 
p = 0.083 and F(3,44) = 1.587, p = 0.206, respectively; Fig. 
10, A-C]. 

General Observation Test. Ciproxifan, A-304121, and 
A-317920 did not induce any observable adverse effects in 
mice at doses comparable to those effective in dipsogenia, 
repeated acquisition, or social recognition models (Table 1). 
Ciproxifan-treated mice were hypothermic and exhibited sei- 
zure-like activity at 30 mg/kg, whereas 100 mg/kg induced 
clonic seizures and was lethal. In contrast, A-304121 did not 
induce seizure activity at any dose tested, up to a maximum 
dose of 300 mg/kg, although hypothermia and hypoactivity 
were observed at this dose. A-317920 caused moderate hypo- 
activity and hypothermia at 64 mg/kg, seizure activity and 
pronounced hypothermia at 127 mg/kg, and was lethal at 381 
mg/kg. TIs of 10 (ciproxifan), 30 (A-304121), and 42 
(A-317920) were calculated for each compound, based on an 
efficacious dose in the repeated acquisition avoidance model 
and a dose that induced pronounced adverse effects in the 
general observation test (Table 1). 

Discussion 

Modulation of histamine H 3 Rs in the mammalian central 
nervous system has demonstrated important functional roles 
for these receptors in physiological processes such as food 
and water intake, learning and memory, and sleep-wake 
state. However, the bulk of behavioral pharmacology studies 
published to date with H 3 R antagonists and inverse agonists 
have relied upon imidazole-based compounds having only a 
modest selectivity for H 3 Rs. Thus, therapeutic ratios be- 
tween efficacious doses and doses inducing serious adverse 
effects appear low, reducing the possibility for successfully 
advancing such compounds for clinical applications. We now 
show that two novel, more selective, non-imidazole H 3 R an- 
tagonists described in this and a companion article (Esben- 
shade et al., 2003) have improved behavioral and physiolog- 
ical characteristics compared with reference agents. 

Evidence for a functional blockade of central H 3 Rs by 
A-304121 and A-317920 was first established by evaluating 
both compounds in a previously characterized mouse dipso- 
genia model (Fox et al., 2002b). Following acute administra- 
tion of the selective H 3 R agonist (R)-a-MeHA, a significant 
increase in acute drinking approximately 4- to 8-fold above 
basal levels was observed, which was blocked in mice pre- 
treated with A-304121 or A-317920. Neither of the two com- 
pounds alone affected basal water intake. Since most evi- 
dence points to the dipsogenia response to (i?)-a-MeHA as 
being mediated by central H 3 Rs (Lecklin et al., 1998; Fox et 
al., 2002b), the present results support the concept that 
A-304121 and A-317920 act as functional blockers of central 
H 3 Rs in the mouse. 

Potential cognition-enhancing properties of A-304121 and 
A-317920 were examined in two different behavior tests. 
First, A-304121 and A-317920 were evaluated in a five-trial, 
repeated acquisition, inhibitory avoidance task. As previ- 
ously demonstrated, SHR pups used in this model show a 
naturally slower learning curve over the five trials when 
compared with age-, size-, and sex-matched pups from other 
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strains (Fox et al., 2002a). SHR pups administered A-304121 
or A-317920 exhibited a trial-dependent and dose-related 
enhancement of performance compared with vehicle-treated 
controls. These data compare favorably with pups treated 
with 3 mg/kg ciproxifan, our standard internal positive con- 
trol for this model, with methylphenidate (Fox et al., 2002a), 
a well known treatment for ADHD, and with ABT-418 (Fox et 
al., 2002a), a nicotinic agonist with efficacy in ADHD in 
adults. Furthermore, A-304121, A-317920, or ciproxifan at 
behaviorally relevant doses had no effect on perception of the 
very mild footshock (0.1 mA, 1 s) used in these studies. SHRs, 
commonly used as a model for ADHD, have reduced dopami- 
nergic tone, exhibit increased activity and impulsivity in 
novel surroundings, and display impaired sustained and non- 
selective attention. The juvenile SHRs (normotensive at this 
age) used in the present studies, as in our previously pub- 
lished findings (Fox et aL, 2002a), appeared to exhibit many 
of these impaired behaviors in our model. Furthermore, since 
these impairments are genetic in origin, performance en- 
hancement seen in this model with H 3 R antagonists such as 
A-304121 and A-317920 might be more clinically relevant in 
treating neurological disorders in which cognitive impair- 
ment is a leading characteristic than in other animal models 
requiring additional pharmacological or surgical interven- 
tion. 



In a second cognition test, we evaluated the effects of 
A-304121 and A-317920 on short-term social memory and 
compared our findings with the effects of ciproxifan. This 
social recognition model relies on the memory of an adult 
rat for a juvenile to which the adult rat has been previ- 
ously exposed. Typically, using olfactory cues, adult rats 
can remember a previous exposure to a juvenile for approx- 
imately 30 to 60 min. However, recall of the adult for the 
juvenile is usually lost 120 min after the initial exposure. 
This offers a potential window in which to show enhance- 
ment of short-term memory, again without the need for 
pharmacological or surgical disruption. Adult rats treated 
with ciproxifan immediately after the first exposure to the 
juvenile demonstrated enhanced recall for the juvenile 
when assessed 120 min later. Statistically significant en- 
hanced recall values for ciproxifan-treated rats evaluated 
at 120 min were similar to those obtained for vehicle- 
treated controls evaluated at 30 min. Adult rats treated 
with A-304121 or A-317920 immediately after the first 
exposure period also showed enhanced recall. These data 
compared favorably with rats treated with 1 mg/kg ciproxi- 
fan, which was tested routinely as our standard positive 
internal control. Importantly, none of the H 3 R antagonists 
tested affected exploration time of the respective adult rats 
for unfamiliar juveniles to which the adults were exposed 
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immediately after the second exposure to the familiar ju- 
venile, demonstrating that the enhancement of social 
memory observed is likely not due to nonspecific effects of 
the compounds on olfactory processing, motivation, or lo- 
comotor activity. 

Neurophysiological effects of A-304121 and A-317920 
were evaluated by assessing slow-wave (1-4 Hz) EEG am- 
plitude for a period of 6 h in conscious, freely moving adult 
rats with previously implanted surface electrodes. This 
model was chosen since previously published data from 
another laboratory indicated that ciproxifan decreased 
slow-wave amplitude in cats (Ligneau et al., 1998), analo- 
gous to a wake-promoting effect. Similarly, the clinical 
candidate GT-2331, a reported H 3 R antagonist, was also 
shown to have wake-promoting effects in rats using a 
different paradigm (Tedford et al., 2000). Stimulants such 
as methylphenidate and amphetamine decrease slow-wave 
amplitude, also observed in our conscious rat model. In our 
studies, ciproxifan significantly decreased slow-wave ac- 
tivity at behaviorally relevant doses. These time-depen- 
dent effects are consistent with the pharmacokinetic pro- 
file for ciproxifan (Ligneau et al., 1998) and similar EEG 
effects observed in the cat, which have been suggested to 
contribute to the behavioral efficacy of this compound in 
various cognition models (Ligneau et al., 1998). However, 
when rats were treated with A-304121, decreased slow- 
wave activity was only noted at the highest, supra-effica- • 



cious dose, and statistical significance was only observed 
at 1 and 2 h after administration, despite a half-life in the 
plasma of 12.9 h for a dose of 10 mg/kg, i.p. in the adult rat 
(K. Marsh and A. Hancock, unpublished observations). No 
significant effects on slow-wave activity were observed for 
A-317920. These results may reflect the improved selectiv- 
ity of A-304121 and A-317920 over previously described, 
less selective imidazole-based H 3 R antagonists like cip- 
roxifan or GT-2331 and indicate that the decreased slow- 
wave activity observed with ciproxifan may not be H 3 R- 
mediated. Moreover, given that A-304121 and A-317920 
had no effect on EEG slow-wave activity at behaviorally 
relevant doses, EEG activation, contrary to previous re- 
ports, does not appear to be a prerequisite for cognition 
enhancement. 

The potential for stimulant-like activity was further as- 
sessed in automated open-field arenas by measuring dis- 
tance traveled over 60 min in mice that were previously 
habituated to the arenas for 30 min. As expected, mice 
treated with methylphenidate exhibited a pronounced and 
highly significant increase in locomotor activity. In con- 
trast ciproxifan-, and, to a lesser degree, A-304121-treated 
mice exhibited a tendency toward decreased activity, par- 
ticularly at higher doses, whereas A-317920 had no effect 
on locomotor activity, clearly differentiating these com- 
pounds from the undesirable stimulant effects of methyl- 
phenidate. We also investigated the effect of ciproxifan, 
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Fig. 9. Effects of ciproxifan (A and D), A-304121 (B and E), and A-317920 (C and F) on spontaneous locomotor activity in nonhabituated mice. Drugs 
were administered 30 min before mice were placed into the activity monitors and distance traveled was recorded for a further 30 min. Data are 
represented by mean ± S.E.M. (*, p < 0.05 with respect to vehicle-treated controls; n = 12/group). 



A-304121, and A-317920 in nonhabituated mice over-30 
min. Ciproxifan produced a clear hypolocomotor effect, 
reaching statistical significance at 10 and 30 mg/kg. 
A-304121 also induced a less severe hypolocomotor effect 
at 100 mg/kg, whereas A-317920 was without effect. Sim- 
ilar effects were observed in these same mice when evalu- 
ated on a rotating rod. 

To identify any additional adverse effects, a general 
observation test was also conducted in mice receiving one 
dose from a predetermined range of behaviorally relevant 
to supramaximal doses of A-304121, A-317920, or for com- 
parison, thioperamide, ciproxifan, or GT-2331. All com- 
pounds produced hypoactivity and hypothermia at differ- 
ent doses. GT-2331 uniquely induced a prolonged (at least 
6 h) loss of righting reflex accompanied by severe hypo- 
thermia that required euthanasia when administered at 
the relatively high dose of 60 mg/kg. Seizure activity and 



lethality were observed in all compounds except A-304121. 
Based on efficacious doses in the cognition models, thera- 
peutic ratios were calculated for each compound with re- 
spect to serious adverse effects (typically seizures) in the 
general observation test. A-304121 and A-317920 demon- 
strated greater therapeutic ratios than thioperamide, cip- 
roxifan, or GT-2331. 

Taken together, the present studies confirm an impor- 
tant role for H 3 Rs in regulating cognition. Furthermore, 
they identify two novel, non-imidazole piperazine amides 
with functional antagonist activity at central H 3 Rs and 
cognition-enhancing activity at doses well below those in- 
ducing adverse effects in locomotor and general observa- 
tion tests, thus providing overall superior therapeutic ra- 
tios when compared with thioperamide, ciproxifan, and 
GT-2331. For the first time, we also present evidence that 
activation of EEG patterns is not a prerequisite for cogni- 
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Fig. 10. Effects of ciproxifan (A), A-304121 (B), and A-317920 (C) on 
latency to fall from a rotating rod. Mice from the locomotor study de- 
scribed in Fig, 9 were removed from the activity boxes and immediately 
tested on the rotating rod. Data are represented by mean ± S.E.M. (*,p < 
0.05 with respect to vehicle-treated controls; n = 12/group). 

tion enhancement with H 3 R ligands, further separating 
the behaviorally beneficial effects of H 3 R blockade from 
the stimulant-like effects of older H 3 R antagonists and 



clinically used stimulants. However, although both 
A-304121 and A-317920 are highly potent at rat H 3 Rs, 
they exhibit only a comparable (A-317920) or lower (A- 
304121) affinity for the human H 3 R compared with thiop- 
eramide, ciproxifan, or GT-2331. Thus, the lower human 
affinity renders animal pharmacological data relevant to 
efficacy, but not potency, for A-304121 and A-317920. It 
would appear that compounds with more balanced affinity 
profiles for both species may be necessary to improve the 
likelihood of clinical success. 
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